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Abstract 

Brendan Guy Rucci 

POLYETHYLENEIMINE SHELL NUCLEIC ACID NANOSTRUCTURES FROM 

GOLD NANOPARTICLE TEMPLATE FOR CHEMOTHERAPEUTIC DRUG 

DELIVERY 

2021-2022 

Mark Byrne, Ph.D. 

Master of Science in Biomedical Engineering 

 

The next generation of anticancer agents will emerge from rationally designed 

nanostructured materials. This work involved the synthesis and characterization of novel 

hollow DNA-conjugated gold nanoparticles (DNA-AuNPs) for controlled drug delivery. 

Polyethyleneimine (PEI) was bound to citrate-capped AuNPs, forming polymer-shell 

nanoparticles. Dissolution of the gold core via iodine formed hollow core polymeric 

nanoparticles (HCPPs) and a high density of DNA (85 molecules/particle) containing 

daunorubicin was conjugated. Particles were spherical with an average diameter of 

105.7±17.3 nm and zeta potential of 20.4±3.54 mV. We hypothesize the DNA backbone 

electrostatically condensed to the primary amines on the surface of the particle toroidally, 

weaving itself beneath. HCPPs released 225±44.6 mg more drug/cm3 than PEI capped 

AuNPs and showed release over 12 hours, an order of magnitude longer than PEI capped 

AuNPs. No change in release regarding DNA strand length or composition was noted. 

Increasing ionic concentration increased drug intercalation 64%, and intercalating drug to 

the DNA prior to nanoparticle conjugation resulted in 32% more drug loaded. A 10-fold 

decrease in the amine/phosphate ratio led to a 61% increase in drug intercalation. HCPPs 

did not aggregate in albumin and increased DNA stability and functionality when exposed 

to nuclease more than DNA conjugated gold nanoparticles. Drug delivery via HCPPs have 

promise to be more clinically efficacious compared to current nanoparticle designs.   



 

v 

Table of Contents 

Abstract .............................................................................................................................. iv 

List of Figures .................................................................................................................... ix 

List of Tables ..................................................................................................................... xi 

Chapter 1: Introduction ....................................................................................................... 1 

Chapter 2: Background ....................................................................................................... 3 

2.1 Nanoparticles as Biomaterials................................................................................. 4 

2.1.1 Properties and Usage of Nanoparticles .......................................................... 5 

2.1.2 Metallic Nanoparticles ................................................................................... 6 

2.1.3 Gold Nanoparticles ........................................................................................ 7 

2.1.4 Polymeric Nanoparticles ................................................................................ 9 

2.1.5 Polyethyleneimine Nanoparticles ................................................................ 10 

2.2 Polymeric Modifications in Nanoparticles ........................................................... 12 

2.2.1 Effects of Crosslinking PEI ......................................................................... 15 

2.3 History of Nucleic Acid Drug Delivery ................................................................ 16 

2.3.1 Barriers to Nucleic Acid Delivery ............................................................... 16 

2.3.2 Nucleic Acid Nanocarriers ........................................................................... 17 

2.3.3 Nucleic Acid Intercalators ........................................................................... 18 

2.4 History of Hollow Core Particles .......................................................................... 19 

2.4.1 Biomedical Applications .............................................................................. 20 



 

vi 

Table of Contents (Continued) 

2.4.2 Colloidal Templates ..................................................................................... 21 

2.4.3 Polymer Shells ............................................................................................. 22 

Chapter 3: Methods ........................................................................................................... 24 

3.1 Materials ............................................................................................................... 24 

3.2 Synthesis and Characterization of Hollow Core Particles .................................... 25 

3.2.1 PEI Coating .................................................................................................. 25 

3.2.2 PEI Crosslinking .......................................................................................... 25 

3.2.3 Gold Core Dissolution ................................................................................. 26 

3.2.4 DNA Loading............................................................................................... 26 

3.2.5 Therapeutic Loading to Nanoparticles ......................................................... 27 

3.2.6 Preparation for Fourier Transform Infrared Spectroscopy (FTIR) .............. 28 

3.3 DNA Affinity Towards a Range of Surfaces ........................................................ 29 

3.3.1 Effects of Ionic Strength on DNA Binding.................................................. 30 

3.3.2 Effects of Charge Ratio on DNA Binding ................................................... 31 

3.4 Agarose Gel Electrophoresis ................................................................................. 31 

3.5 Daunorubicin Affinity Towards a Range of DNA Sequences .............................. 31 

3.6 In Vitro Drug Release ........................................................................................... 32 

3.7 Drug Release Model ............................................................................................. 32 

3.8 Assessment of DNA Stability ............................................................................... 33 



 

vii 

Table of Contents (Continued) 

3.8.1 Nuclease Degradation .................................................................................. 33 

3.8.2 Albumin Study ............................................................................................. 34 

Chapter 4: Particle Characterization ................................................................................. 35 

4.1 Particle Characterization Trends ........................................................................... 35 

4.1.1 Particle Size and Morphology Characteristics ............................................. 35 

4.1.2 Particle Zeta Potential Changes ................................................................... 38 

4.1.3 Absorbance Characteristics of Particles Following Modifications .............. 40 

4.1.4 FTIR Analysis of Polymeric Nanoparticles ................................................. 42 

4.2 DNA Affinity Towards Gold Wafers and Nanoparticles ..................................... 43 

4.2.1 DNA Binding to Gold Wafers and Nanoparticles ....................................... 44 

4.2.2 DNA Binding to Gold and Polymeric Nanoparticles .................................. 45 

4.2.3 Effects of Ionic Concentration and Charge Density on Drug Binding ........ 49 

4.3 Comparison of Drug Loading Methods ................................................................ 51 

Chapter 5: Drug Loading and Release .............................................................................. 53 

5.1 Daunorubicin Affinity Towards the Chosen Set of DNA Sequences ................... 53 

5.2 Release Profile of Daunorubicin ........................................................................... 56 

5.2.1 Release from HCPPs-DNA-Daun ................................................................ 56 

5.2.2 Release from PEI-X-AuNP-DNA-Daun ...................................................... 58 



 

viii 

Table of Contents (Continued) 

5.4 Assessment of DNA Stability ............................................................................... 62 

5.4.1 Nuclease Degradation .................................................................................. 62 

5.4.2 Particle Stability in Albumin ....................................................................... 64 

Chapter 6: Conclusions and Future Work ......................................................................... 66 

6.1 Conclusions ........................................................................................................... 66 

6.2 Future Work .......................................................................................................... 69 

References ................................................................................................................... 70 

Appendix A: Supplemental Data ................................................................................ 85 

 

  



 

ix 

List of Figures 

Figure               Page 

Figure 1.1. Proposed sequence of synthesis........................................................................ 1 

Figure 2.1. Molecular structure of branched polyethyleneimine ...................................... 11 

Figure 2.2. Facile “one pot” polyethyleneimine crosslinking procedure .......................... 14 

Figure 2.3. Daunorubicin intercalation to DNA nucleotides .............................................19 

Figure 3.1. DNA sequences utilized ................................................................................. 27 

Figure 4.1. Particle diameter following polymeric modifications .................................... 36 

Figure 4.2. Effects of polymeric modifications ................................................................ 38 

Figure 4.3. Particle zeta potential following polymeric modifications ............................. 40 

Figure 4.4. Changes in absorbance of nanoparticles following polymeric       

modifications ................................................................................................. 42 

Figure 4.5. FTIR detection of the PEI-Cu complex in hollow core polyethyleneimine 

particles ......................................................................................................... 43 

Figure 4.6. DNA bound per cm2 of gold surface .............................................................. 45 

Figure 4.7. DNA binding to nanoparticles ........................................................................ 47 

Figure 4.8. Toroidal morphology of DNA on hollow PEI particle ................................... 48 

Figure 4.9. Effect of ionic concentration on DNA drug binding in the presence of         

PEI ................................................................................................................. 50 

Figure 4.10. Effect of charge ratio on DNA drug binding in the presence of PEI ........... 51 

Figure 4.11. Gel electrophoresis for determination of density of drug loading ................ 52 

Figure 5.1. Mass of daunorubicin bound per mass of DNA. .............................................54                                        

Figure 5.2. Fractional release of daunorubicin from HCPPs-DNA-Daun ........................ 57 

Figure 5.3. Daunorubicin mass release of HCPPs-DNA-Daun ........................................ 58 

Figure 5.4. Fractional release of daunorubicin from hollow and solid core 

polyethyleneimine nanoparticles with DNA-Daun ....................................... 60 



 

x 

List of Figures (Continued) 

Figure               Page 

Figure 5.5. Mass release of daunorubicin from hollow and solid core polyethyleneimine 

nanoparticles with DNA-Daun ...................................................................... 61 

Figure 5.6. Stability of DNA when exposed to nuclease .................................................. 64 

Figure 5.7. Hollow core particle diameter when suspended in buffer versus albumin ......65  

 

  



 

xi 

List of Tables 

Table               Page  

Table 5.1. Dissociation Constants of DNA-Daun Complex ............................................. 55 

Table 5.2. DNA-Daun Complex Hill Coefficients ........................................................... 56 

Table 5.3. Order of Daunorubicin Release for Solid and Hollow Core Particles ............. 62 



 

1 

Chapter 1  

Introduction 

The goal of this project was to synthesize novel polyethyleneimine-based hollow 

nanoparticles from a gold nanoparticle template that can bind DNA and daunorubicin for 

future chemotherapy (Figure 1.1). In addition, the research seeks characterization of the 

delivery platform on several physical and chemical properties to garner an understanding 

of how production methods influence these properties.  

 

 

Figure 1.1. Proposed sequence of synthesis. The order of techniques used for synthesizing 

the HCPPs-DNA-Daun delivery platform. The steps include the addition of PEI to the gold 

nanoparticle surface and crosslinking once adhered to the surface. Next, the removal of the 

gold core through galvanic replacement. Finally, the addition of DNA and Daunorubicin 

to both the core of the nanoparticle and intercalated to the DNA. Figure created in 

BioRender. 
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It is hypothesized that hollow core polyethyleneimine particles with DNA and 

daunorubicin will maintain the morphology of the initial gold nanoparticle core, while 

increasing the total mass of daunorubicin loading due to the additional drug loading space 

in the hollow core. Additionally, differences in the stability of DNA will be observed when 

bound to the polymeric nanoparticle. This project builds on the known foundations of 

polymer, nanoparticle, and nucleic acid engineering for drug delivery purposes. By 

applying the principles of controlled release and molecular chemistry, we seek to develop 

a new vehicle for chemotherapeutic delivery.  

Chapter 2 presents a brief overview of the rationale for the platform design. Chapter 

3 details the methods employed to achieve these goals and synthesize the platform. Chapter 

4 discusses the results of particle characterization and how these properties impact the 

loading and release of drug. Chapter 5 describes the profile of drug release from novel 

formulations and assesses the stability of DNA when bound to the hollow core polymeric 

particle. Finally, chapter 6 presents conclusions and proposes future experiments for this 

work.   
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Chapter 2  

Background 

Cancer is the second leading cause of death in the world, affecting almost 17 million 

individuals in the United States alone. Over the past 10 years the yearly medical costs in 

the United States have increased to over $157.8 billion, and with a growing number of 

patients being treated, the costs continue to exceed previous projections.1 Among modern 

methods, chemotherapy still reigns as one of the most prevalent techniques for fully 

eliminating cancer from the patient.2 Although chemotherapy is capable of directly killing 

tumor cells, this presents major drawbacks, as the effects are not limited to the carcinogenic 

tissue and can affect healthy cells. Many patients experience debilitating and life-

threatening side effects due to chemotherapy, which hinders their ability to continue with 

treatment.3 Therefore, there exists a need for chemotherapeutic treatment which avoids 

toxicity towards healthy tissue.  

Next generation cancer therapies are focused on overcoming the main limitations 

of chemotherapy that researchers have struggled with. Dealing with the long term acquired 

resistance to chemotherapeutic drugs and tumor heterogeneity are the key limitations that 

modern strategies seek to bypass or overcome.4 As stated previously, conventional cancer 

therapies are limited in their ability to directly target the desired site. Most drugs effect 

both the healthy and diseased tissue resulting in severe side effects to the patient. For this 

reason, targeted therapy has become a highly desirable quality for researchers seeking to 

minimize the off-target effects of therapy.5 Antibody-targeted therapy, small molecule 

targeting, and ligand-targeted therapies have all been heavily utilized to directly target the 
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desired site. However, this does not contribute to overcoming the heterogeneity of cancer 

cells and the inherent drug resistance. Nor does it contribute to overcoming the high 

interstitial fluid pressure found in tumor cells which limits the uptake of drugs and 

therapeutics.6  

Targeted therapies are reliant on the ability to connect with specific biomarkers 

displayed by the tumor cell, which can result in serious detrimental effects to the therapy. 

The tumor could mutate during treatment and reduce the presence of the biomarkers or not 

produce said biomarkers in the first place, making it strikingly difficult to create a therapy 

unique to the patient.7 Biomarkers are also susceptible to multidrug resistance which can 

arise on tumor cells. The use of several drugs together may result in the creation of a new 

line of tumor cells forming which hold natural resistance to the biomarker and drug used 

in tandem to provide the therapy.8 For this reason, new therapies seek to create platforms 

which can target multiple forms of cancer. Nanomedicine has garnered attention for its 

broad capabilities as a targeted therapeutic delivery tool.  

2.1 Nanoparticles as Biomaterials 

To combat the disadvantages of chemotherapy, novel methods must be 

implemented to improve the conditions that patients suffer through. The use of 

nanoparticles has been shown to increase the effectiveness and control of delivery for 

chemotherapeutic drug delivery.9 Nanoparticles are submicronic colloidal systems that are 

made of solid organic or inorganic materials. Several morphologies and chemical 

compositions of nanoparticles exist, each serving a specific niche of usage.10 Nanoparticles 

present a nanoscale platform in which modifications can be made to limit the effects on 
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surrounding healthy tissue and deliver directly to the interior of the tumor cells. This 

platform is unique in that it is small enough to naturally transport through cell membrane 

without the aid of active transport. These treatment methods have also been shown to be 

effective in later stage cancers.11  Further modifications made to nanoparticles can be used 

to increase cell transfection, endosomal escape, or active targeting capabilities of the 

nanostructure.  

2.1.1 Properties and Usage of Nanoparticles  

 Nanoparticles show different mechanical properties relative to the bulk materials they 

are derived from and even larger forms of particles of the same material. Nanoparticles 

have well understood basic mechanical properties such as hardness, elastic modulus, 

adhesion, and friction, which make them highly desirable tools for lubrication and 

nanomanufacturing.12 Nanoparticles are also used heavily in medical imaging due to their 

small size and exhibition of the enhanced permeability and retention effect (EPR) in 

tumors. This important characteristic allows for nanoparticles to easily enter the interior of 

tumor cells through their microenvironment passively, allowing them to be used as points 

of detection within tumors for imaging.13  

 Nanoparticles possess several unique qualities which allow them to provide benefits 

when used for controlled drug release. They can protect the drug payload from degradation 

and enable sustained drug release, as well as decrease clearance and increase the 

accumulation of drug in the target site.14 There are several biological barriers that 

nanoparticles must overcome to effectively deliver to the interior of the damaged tissue. 

These include renal clearance, degradation, the extracellular matrix, cell membrane, 
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lysosome, and membrane pumps.15 Although, nanoparticles are unique in that they can be 

modified using polymers to overcome these barriers.  

 However, nanoparticles contain a level of toxicity that threatens their use as 

biomaterials. Usage in the respiratory, lymphatic, and central nervous system must be done 

with caution as studies have shown that exposure to nanoparticles can reduce the strength 

of the immune system in both animal and human subjects.16 Therefore, proper toxicological 

assessment of nanoparticles must continue alongside the development of novel 

pharmacological systems.17 Many different forms of nanoparticles exist with their own 

physiochemical properties which are unique to the material that comprise the nanoparticles.  

2.1.2 Metallic Nanoparticles 

One form of nanoparticles used primarily for imaging and drug delivery purposes 

are metallic nanoparticles. These compact agents have unique physiochemical properties 

as compared to their bulk materials that arise due to the high surface-to-volume ratio.18 In 

order to fully utilize the full potential of these particles they must be stable and 

biocompatible. Nanoparticles are typically categorized in their stability using several 

metrics of analysis. The most crucial properties needed to understand the stability of the 

platform are aggregation, chemical composition, shape, size, and surface chemistry. The 

ability to maintain these physiochemical properties are what constitutes stability in metallic 

nanoparticles.19 Magnetic metallic nanoparticles, such as iron, gold, and silver, can be 

effortlessly conjugated with surface coatings through electrostatic self-assembly. This 

makes them highly desirable as vectors for molecular diagnostics and non-invasive 

therapies.20 These nanocarriers can be designed in a way to facilitate their usage for 
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visualization of cellular function as molecular imaging probes. These probes can help 

researchers understand molecular processes without disrupting or damaging the organisms 

being studied. 21 

 Metallic nanoparticles also provide a platform to modify the therapeutic outcomes of 

modern chemotherapy. Nanoparticles can exploit the pathophysiology of the tumor 

microenvironment to improve the therapeutic outcomes for oncological therapy by 

targeting the overexpressed receptors on tumor cell surfaces using nanocarriers outfitted 

with targeting ligands.22 A range of metallic nanoparticle-based therapies have been 

approved for selective tumor types and even more are preparing to enter clinical trials.23 

2.1.3 Gold Nanoparticles 

Gold nanoparticles have seen vast clinical use in cancer therapy. These particles 

have seen increased usage as photothermal, imaging, as well as drug delivery tools in recent 

years.24 Photothermal therapy is a form of therapy in which the nanoparticles are integrated 

into a tumor then heated from the exterior by a laser to heat and destroy the tumor.25 This 

is possible due to key mechanical properties held by gold nanoparticles: small diameter for 

tumor penetration, high biocompatibility, and ability to absorb infrared light. These 

properties also allow it to be used extensively as an imaging agent. Gold nanoparticles are 

capable of both passively and actively targeting tumor cells, and combined with their 

ability to absorb X-ray waves, allows it to provide sharp contrast in tumor imaging.26 

Another key functionality of gold nanoparticles is their high tunability, allowing for ease 

in the synthesis and characterization process. Their negative surface charge allows for 

modifications through electrostatic interaction.27 Biomolecules like targeting ligands, 
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polymers, drugs, and DNA can be easily loaded to the surface of the solid particles. As a 

drug delivery tool, gold nanoparticles provide a platform with highly accurate control over 

particle size, shape, and surface chemistry. This makes gold nanoparticles an ideal resource 

for drug delivery. By modifying the reducing agents and pH of the reacting mixture, gold 

nanoparticles can be synthesized with a precise size, morphology, and polydispersity.25 

Notably, gold nanoparticle nucleic acid formulations have been developed which can 

provide both a targeted drug delivery and photothermal therapy to carcinogenic tissue.28  

The facile modification of these particles combined with their innate controlled 

nanoscale morphology provides enough scaffolding for drug conjugation. However, gold 

nanoparticles present an inherent cytotoxicity. Bulk gold is chemically inert and has been 

seen clinical usage as an anti-inflammatory agent to treat rheumatoid arthritis.29 On the 

other hand, gold nanoparticles have seen adverse outcomes in vitro such as organelle and 

DNA damage, apoptosis, and mutagenesis.30 Though this does not give full insight to the 

full scope of effects in vivo, it gives a basic understanding of the toxicity caused by gold 

nanoparticles at a cellular level. Studies have shown that small (3-5 nm) and large (50-100 

nm) are nontoxic to mouse models, although intermediate sizes (18-37 nm) were associated 

with major organ damage to the liver, spleen, and lungs specifically.31,32 However, other 

studies have indicated that with minor adjustments to the surface chemistry of the gold 

nanoparticles, they are essentially nontoxic.33,34 This discrepancy in findings presents a 

need for further investigation into the toxicity of gold nanoparticles in specific 

compositions on individual lines of cells. Most studies focus on simple gold nanoparticle 

structures with little to no modification and thus efforts to understand the nanotoxicity and 

pharmacokinetics of drug delivery must be evaluated on a case-by-case basis.35 
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2.1.4 Polymeric Nanoparticles 

 Another frequently used material for drug delivery is polymeric nanoparticles. 

Biodegradable polymers such as polylactic acid, polylactic-co-glycolic acid, polyethylene 

glycol, and polyethyleneimine (PEI) are all frequently used for their ability to encapsulate 

therapeutic compounds.36 Polymeric nanoparticles have also received attention for their 

ability to target tissue, carry nucleic acids, and sustain release of their payloads.37 In 

addition, polymeric nanoparticles are preferred over metallic nanoparticles because they 

are biocompatible, non-immunogenic, and avoid renal and other drug clearance systems.38 

Using the controlled release system of polymeric nanoparticles also helps to reduce the 

frequency of drug dosing and increase patient compliance. These platforms also increase 

the total potency of the drug by improving the solubility, permeability, and bioavailability 

of the encapsulated drug.39 Overall, polymeric nanoparticles can serve as both a protective 

and mobility aid for targeted drug therapies.  

 For oncological therapies, polymeric nanoparticles have shown major success in 

chemotherapeutic delivery and gene delivery. Hydrophilic, blood compatible 

biodegradable polymers provide a ring of hydrophilic chains on the outer surface of the 

payload to prevent the phagocytosis and opsonization of the foreign body.40 Therefore, the 

amphiphilic drug delivery system containing an anticancer agent will have increased 

systemic circulation time and an increased compatibility with the blood.41 Since a major 

obstacle of chemotherapy is the need to deliver large doses to overcome rapid clearance, 

and the inability to deliver large doses due to toxicity, polymeric nanoparticles can serve 

as a mediator for release. This can be done in response to several triggers at the delivery 

site including targeting aptamers, pH, and temperature.42 Polymeric nanoparticles can also 
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capitalize on the anatomical differences in tumors to directly target the tumor site. Since 

tumors are more heterogenous and contain dense leaky vasculature, polymeric 

nanoparticles can passively accumulate and enhance the concentration of therapeutic 

agents in the tumor. Furthermore, the nanoparticles can be similarly outfitted with targeting 

ligands, as metallic nanoparticles are, to actively target the tumor site through specific 

binding to the cell surface receptors and take advantage of overexpressed receptors on 

different lines of tumor cells.43 

2.1.5 Polyethyleneimine Nanoparticles 

 PEI nanoparticles have received praise for their facile synthesis compatibility with 

other bioengineering materials. PEI carries a high cationic charge which serves to condense 

several biomolecules, including, to the surface of the particle, allowing for high loading 

capacity and high transfection activity (Figure 2.1).44 Due to the high susceptibility to 

degradation, nucleic acids must be shielded from outside forces until they reach their 

destination. PEI is effective in buffering changes in pH, temperature, and charge and 

preventing fragile nucleic acid from being damaged when loaded to the surface of a PEI 

based nanoparticle. 45 
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Figure 2.1. Molecular structure of branched polyethyleneimine. Polyethyleneimine, a 

highly cationic polymer, is typically used for its capabilities as a cell transfection agent and 

charge shield. Figure created in BioRender. 

 

 In terms of chemotherapy, PEI nanoparticles have been researched for many techniques 

including photothermal therapy, gene therapy, drug delivery, and combinatorial therapies. 

PEI has been shown to be capable of loading chemotherapeutic drug daunorubicin and 

maintain stability of the nanoparticle and therapeutic.46–50 This anticancer agent works by 

stopping further growth of tumor cells though the blockage of proliferation enzyme 

CREB3L1.51 Release of the daunorubicin can be induced from the PEI particles by internal 

changes like pH and temperature, or external stimulation by laser. PEI is typically co-

delivered alongside nucleic acids as they synergistically reduce the innate tumor resistance 

while suppressing tumor proliferation.50,52 PEI is a unique solution to drug delivery barriers 

due to its innate charge and buffering capacity. Recent contributions to the list of PEI based 

particles for chemotherapeutic treatment include stimulus responsive gene vectors, 

antibody guided targeted delivery, and co-delivered nucleic acids for gene therapy.53–55 
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2.2 Polymeric Modifications in Nanoparticles 

Metal nanoparticles are often conjugated with protective shells to create core-shell 

hybrids which hold unique emergent properties. Gold nanoparticles have been prepared 

with several protective coatings in order to increase their stability and limit the aggregation 

of particles using several different functional groups and polymers.56–58 Polymer coated 

metallic nanoparticles have also been shown to have significantly lower systemic toxicity 

than their bare counterparts, as well as longer circulation times when paired with known 

stealthing agents.59,60 Polymers are also capable of acting as buffering agents in terms of 

both pH and temperature, protecting the interior metallic particles while degrading at a 

fixed rate relative to the polymer and influence of the surrounding environment.61 Many 

polymers have been heavily studied and engineered for the purpose of protecting metallic 

nanoparticles and increasing their effectiveness. 

Polyethyleneimine (PEI) is a polymer that has shown great capabilities in terms of 

promoting the cell transfection of nanoparticles and as a vehicle for drug delivery.62–64 The 

cationic polymer provides a positively charged surface for negatively charged drugs to 

adhere, as well as improve transfection with the negatively charged cell membrane. When 

functionalized onto the surface of nanoparticles, this vastly improves the efficiency of drug 

delivery.65 These particles are limited in their ability to bind drug to the surface. PEI 

nanoparticles can improve both the loading capacity and control of release of drug 

delivery.66 By improving on the loading, delivery, and release rate of chemotherapeutics 

as compared to radiative or injectable therapies, the minimization of off target effects and 

efficacy of therapy can be improved. PEI has been used as a modification to gold 

nanoparticles to increase drug delivery efficiency. The addition of PEI to the surface is 
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highly controllable and the concentration of PEI can be used to synthesize diverse sizes 

and surface charges. Facile crosslinking of PEI conjugated nanoparticles can be further 

used to improve colloidal stability of the nanoparticle (Figure 2.2).67 The gold surface can 

be easily tuned using PEI to improve its capabilities as a drug delivery vector. 
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Figure 2.2. Facile “one pot” polyethyleneimine crosslinking procedure. Crosslinking 

procedure of branched PEI to a denser crosslinked structure, improving the overall stability 

when on the surface of the nanoparticle. This method of crosslinking utilizes an organic 

dehydration reaction with NHS to cleave the N-H bond of the PEI. EDC further cleaves 

the O-H bond of the succinic acid, which binds to the open amine on the PEI. This results 

in PEI molecules on the surface of the particle with a higher overall molecular weight. 

Figure created in BioRender. 

 

 

PEI is able to influence the surface charge of the gold nanoparticles to increase the 

ability of drug loading as well as better control over endosomal escape.68 PEI is explicitly 

reactive to changes in pH and temperature, allowing it to be manipulated using outside 

sources for the purposes of inducing drug release in the target area.69,70 Since PEI is a polar 

polymer, it is an ideal target for hydrophobic drugs to help increase their solubility, 

allowing for denser binding to the delivery system.71 The polymer is strongly charged and 

overcomes the charge of the metallic nanoparticle, causing it to dominate the interaction 

with the loaded drug. Nanoparticles outfitted with PEI have been shown to increase their 
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capacity for drug adsorption while extending the release of drug from nanoparticle 

systems.72,73 Recent developments by Prajapati et al. and Mdlovu et al. have shown 

improvements of cell transfection of both metallic and polymeric nanoparticles capped 

with PEI.74,75 This polymer is incredibly responsive to chemical and physical stimuli, 

allowing it to react to changes specifically in tumor microenvironments.  

2.2.1 Effects of Crosslinking PEI 

Crosslinking surface functionalized PEI can improve the physical characteristics of 

the polymer, as well as increase the stability of the polymer coating on the surface of a 

metallic nanoparticle. Several methods exist to densely crosslink PEI; however, EDC 

coupling, which utilizes disulfide intramolecular bonding, has shown frequent use amongst 

nucleic acid delivery carriers.76 Crosslinked nanoparticles exhibit features like branched 

polymers in that their mass is spread over a larger volume and area as compared to linear 

forms of the same molecular weight. This results in increased rigidity and fluid retention 

and the reduction of pores in proportion to the density of crosslinking.77,78 

Crosslinked PEI has been shown to be more effective in improving endosomal 

escape of nucleic acids as compared to free PEI of the same weight.63,79 In terms of nucleic 

acid cell transfection, disulfide crosslinked PEI complexes are highly efficient in 

improving the membrane transfer of nucleic acids into the cytosol, while protecting the 

loaded nucleic acid from reducing agents.80 PEI is typically referred to as a smart drug 

delivery system due to its ability to react to stimuli, and crosslinking low molecular weight 

PEI increases the “intelligence” of the system when binding to nucleic acids.81,82 
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Crosslinking polymers have also been shown to extend the release of small molecules from 

the interior of polymeric nanoparticles.83 

2.3 History of Nucleic Acid Drug Delivery 

Nucleic acids have been heavily researched and modified to become efficient drug 

carriers.84 Presently, seventeen nucleic acid therapies have been approved by the Food and 

Drug Administration or the European Medicines Agency. This includes gene therapy, 

vaccine, and drug delivery purposes.85 These structures prove to be highly efficient in drug 

delivery as they are highly tunable platforms. Modifications to their immunogenicity, 

targeting capabilities, and responses to stimulus can all improve their capabilities as drug 

vectors.86  

2.3.1 Barriers to Nucleic Acid Delivery 

Nucleic acids face a large concern in that they are enzymatically unstable and 

provoke an immune response. Additionally, unmodified nucleic acids are too hydrophilic 

for cell uptake and encapsulation of payloads.87 This creates a barrier in the delivery of 

nucleic acids, as they cannot freely circulate within the bloodstream, nor can they naturally 

be uptaken by cells. To combat the intrusion of foreign DNA the body can respond with a 

variety of primary immunological responses.88 One of the most common reactions to this 

are groups of nucleic acid receptors which restrict nucleic acid functionality and 

replication. Of these receptors, the enzymes known as nucleases break down both wanted 

and unwanted DNA.89 Avoiding these enzymes is crucial to delivering a functional nucleic 

acid capable of maintaining its payload.  
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In response to this, several materials have been utilized to increase the potency of 

nucleic acids as a drug delivery vessel. Synthetic vectors of nucleic acids are hindered by 

their ability to accelerate the movement of nucleic acids through the cytoplasm and across 

the cellular membrane.90 Polymeric nanoparticles have been used for the delivery of 

nucleic acids for several decades.91–95 Polymeric nanoparticles increase the stability of 

nucleic acids while decreasing the immunogenicity of the delivery vessel. 

2.3.2 Nucleic Acid Nanocarriers 

Gold nanoparticles provide an effective scaffold for nucleic acid drug delivery due 

to several mechanical properties. Gold nanoparticles are fabricated with a low size 

dispersity and retain their functionality even when bound to several layers of nucleic acid 

and targeting agents.96,97 The facile synthesis of both covalent and non-covalent AuNP 

conjugates with synthetic and organic DNA makes these an attractive platform for nucleic 

acid delivery.98,99 However, gold nanoparticles are limited in that they are highly negatively 

charged and cytotoxic, resulting in several unwanted interactions with cells and their 

membranes.100 Polymer modifications to gold nanoparticles are relatively simple and allow 

researchers to take advantage of the properties which benefit nucleic acid delivery.   

PEI is another desirable vehicle for nucleic acid delivery as it neatly compacts the 

nucleic acid backbone to the free nitrogen in the PEI. This makes the uptake to cells and 

release from the endosomal compartment much more favorable due to the cationic nature 

of PEI.101 Furthermore, PEI possesses a unique ability to prevent the deterioration of 

nucleic acids by buffering the changes in pH.102 When inside the highly acidic tumor 

microenvironment, this buffering culminates in protons rapidly entering the endocytic 
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vessel which encapsulates the nanoparticles. The disparity in protons between the inside 

and outside of the vesicle drives osmosis into the interior of the endosome.103 This “proton 

sponge effect” allows for nucleic acid to be delivered solely to the tumor 

microenvironment, as it has a naturally acidic pH. This protects the healthy tissue in the 

surrounding area from the harm of cytotoxic drug delivery and makes an overall more 

efficacious treatment.  

2.3.3 Nucleic Acid Intercalators 

Not only do sequences of DNA possess potential for gene delivery to manipulate 

cells for therapeutic purposes, but the base pairs of DNA also provide ample space for the 

intercalation of specific molecules. One such molecule, daunorubicin hydrochloride, also 

known as daunomycin, is frequently used clinically for chemotherapeutic purposes. This 

drug was developed and used clinically in trials as far back as the 1970’s.104 Daunorubicin 

can intercalate to the base pairs of DNA (Figure 2.3). The drug functions as an anticancer 

agent through the disruption of mitochondrial homeostasis, thus inhibiting ATP 

synthesis.104 This drug has been approved for chemotherapeutic usage by the FDA since 

1996 with the novel liposomal daunorubicin platform developed by Galen Partners©.105 

Additionally, the intercalated drug has been shown to improve the stability of the DNA 

backbone through the reduction of backbone flexibility.106 This known change in geometry 

can be vital in synthesizing DNA vectors with a desired morphology.107 The release of the 

drug can further be extended by modifying the architecture of DNA. By layering and 

twisting DNA, the amount of times the drug is exposed to intercalation sites, thus extending 

the release from the DNA.108,109 Overall, this drug is highly effective in binding to DNA 
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and has previous clinical use as an anticancer agent, though more efficient methods of 

release can still be developed.110  

 

 
Figure 2.3. Daunorubicin intercalation to DNA nucleotides. Daunorubicin requires 3 base 

pairs of double stranded DNA to form a binding complex using all 5 of its binding sites 

(shown with red lines). The drug preferentially binds between adjacent GC base pairs and 

requires a buffering space of an A-T base pair as a part of the triplet sequence. Figure 

created in BioRender. 

 

2.4 History of Hollow Core Particles 

 The coating of nanoparticles allows for dual function of both the interior particle, called 

the core, and the outer layer, called the shell. These core-shell nanoparticles can either 

retain their individual material functions, or the modification can lead to emergent 

properties of both the shell and core. However, these structures are limited in their storage 

capacity, and so, geometric modifications are needed to improve the functionality of the 

architecture.111 One such structure, hollow core nanoparticles, are ideal for increasing the 

volume available for drug loading. These are typically crafted through layering the desired 

shell over a hard template, followed by removal of the core through dissolution.112–114 This 



 

20 

leaves a hollow nanostructure with the mechanical and chemical properties of the initially 

layered shell. The development of these structures had been led by the Mirkin group with 

their research into polymeric-metallic hybrid nanoparticles, eventually leading to the 

synthesis of nanoparticles with block copolymer shell structures.115–117 The Mirkin group 

has continued to expand on these novel formulations to this day with their tunable 

polyethylene glycol shell nanoparticles for nucleic acid delivery.118 

2.4.1 Biomedical Applications 

 Hollow core nanostructures have vast potential when utilized as biomedical 

nanomaterials. The main applications of these particles are within the fields of bioimaging, 

gene delivery, and drug delivery.111 The use of low cytotoxic polymers as shells allows for 

high biocompatibility and facile conjugation to the desired payload, as well as 

responsiveness to external stimuli.119 Hollow metallic nanoparticles are frequently used as 

imaging contrast agents. They are capable of strongly absorbing near infrared light, 

allowing them to be easily detected, as well as heated for a photothermal form of therapy 

to the contrasting region.120,121 Delivering genetic material is another key function of 

hollow nanostructures. Hollow structures have shown better transfection efficiency than 

solid nanoparticles coated in the nucleic acids.122 This can be attributed to the multiple 

layers of shell that allow for more flexible loading in a less dense nanostructure. 

Furthermore, drug delivery applications are more effective for similar reasons, the 

encapsulation during synthesis and core removal process provides a larger volume for the 

payload and protection from outside contaminants. These structures are also capable of 

drug release by external forces as a shell only particle is more susceptible to the impacts of 

outside stimuli.123 



 

21 

 Cationic polymer hollow core nanostructures are frequently used along with nucleic 

acids as they can condense them while maintaining their unique characteristics. Since 

nucleic acids are highly susceptible to immunological recognition and renal clearance, 

stealthing polymers are desirable to improve the effectiveness of reaching the target tissue 

without disrupting the integrity of the nucleic acid architecture.124 Several hollow 

structures have been prepared with a range of nucleic acids to determine the relative 

changes in gene transfection and delivery rate based on the density of polymer used for the 

size of the shell.125 

2.4.2 Colloidal Templates 

Hollow core nanoparticles were first developed in 1998 by Caruso et al. when 

hollow silica particles were created using electrostatic self-assembly on a colloidal 

surface.126 Gold nanoparticles have shown frequent usage as the template for hollow core 

particles due to their high stability. Gold nanoparticles can be synthesized with precise 

morphology and size; when these particles are coated and the core is removed, it yields a 

structurally intact hollow capsule, with the inner size governed by the morphology of the 

template.127 Covering the gold nanoparticle in the polymer also holds the advantage of 

preventing one of the major drawbacks of gold nanoparticle usage, aggregation.128 Gold is 

also convenient to use as a sacrificial core, as it can be easily etched using galvanic 

replacement with the help of inexpensive chemicals.129 

Further developments utilized solid AuNPs as the core for electrostatic assembly 

of shell nanoparticles, using several etching techniques to eliminate the gold interior. 130–

132 The Mirkin group has further discovered usage of AuNPs for the creation of nucleic 
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acid based hollow nanostructures for use as densely packed vectors for gene delivery.133 

These particles hold the major benefit of being able to replicate the morphology of the 

template particle when crafting the shell particle. In most cases, hollow core particles retain 

the shape of their template, allowing for the creation of highly uniform nanostructures.66   

2.4.3 Polymer Shells 

Mesoporous polymer hollow core particles have seen development from colloidal 

templates. These particles rely on the increased surface area obtained from removing the 

core of the particle to increase the potential as a drug vector.134  In these spaces, several 

forms of shell structures have been designed including “golf ball,” “egg-yolk,” and “rattle-

type” shapes.135–137 These forms all provide a similar function in which the shell acts as a 

protective layer for the delivery of an interior payload.  

PEI is an ideal candidate for these forms of structures, as the polymer can protect 

the payload from renal clearance and immunological response. PEI can act as a soft 

template for further layering of nucleic acids to the hollow core structure's surface. Recent 

studies by Liu et al. have identified hollow core PEI nanoparticles as efficient drug vectors 

for cancer immunotherapy, extending the release of drug in mouse models.138  

The release profiles of drug from polymeric hollow core nanoparticles have been 

well studied. Release from these particles is governed by diffusion from the interior and 

degradation of the polymer shell.139–141 Researchers have shown that hollow core 

polymeric nanoparticles can tune the release of payloads from the interior of the particle.142 

At high loading capacities, drug precipitates between the surface polymer and outer surface 

resulting in a high amount of release. Furthermore, thick layers of polymer shell increase 
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the path length required to diffuse from the interior of the particle, resulting in an extended 

release controlled by the thickness of the shell layer.143,144  

In this work, we seek to create hollow core PEI nanostructure for the delivery of 

nucleic acid bound daunorubicin using an AuNP template. This culminates in a particle 

that can hold the morphology of a gold nanoparticle template while providing ample 

spacing of a hollow particle in the interior for drug and nucleic acid loading. The resulting 

particle is hypothesized to display the physical characteristics of the sacrificial gold 

template while providing the chemical qualities of the PEI shell.  
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Chapter 3  

Methods 

 This research was conducted using several researched methods for the synthesis and 

characterization of nanoparticles containing polymers and nucleic acids. This section 

describes the methods used to load drug, determine the affinity of the drug for specific 

DNA sequences, and prepare the samples for an array of characterization experiments.  

3.1 Materials 

Spherical Gold Nanoparticles (AuNPs,15nm, 0.001-0.01%) were purchased from 

Ted Pella (Redding, California, USA). Copper II Sulfate (CuSO4, Anhydrous), Succinic 

Acid (SA, ≥99%), (N-Hydroxysuccinimide (NHS, ≥98%), N-(3-Dimethylaminopropyl)-

N'-ethylcarbodiimide hydrochloride (EDC, ≥98.0% by titrimetric analysis), Dimethyl 

sulfoxide (DMSO, ≥99.9% ACS), Phosphate Buffered Saline (PBS, 20X), Tris-acetate-

EDTA Buffer (TAE, 25X), Tris-EDTA (pH 8.0), Agarose I™, Magnesium Chloride 

Anhydrous (MgCl), Hydrogen Peroxide (H2O2, 30%), and Iodine (I2, 1N) were purchased 

from VWR (Radnor, PA, USA). Polyethyleneimine (PEI, ~25,000 MW, Branched) was 

purchased from Sigma Aldrich (St. Louis, MO, USA). Daunorubicin Hydrochloride (Daun, 

≥98.0% (N)) was purchased from TCI (Tokyo, Japan). Sulfuric Acid (H2SO4, ≥95%) was 

purchased from EDM Millipore (Darmstadt, Germany). Deionized water was obtained 

from the Milli-Q® EQ 7000 Ultrapure Water Purification System (Sigma Aldrich, USA). 

Clear and black bottom 96 well plates were purchased from ThermoFisher Scientific 

(Waltham, MA, USA). All DNA strands and DNAse I 2U/500 µL were purchased from 

IDT (Coralville, IA, USA). 
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3.2 Synthesis and Characterization of Hollow Core Particles 

3.2.1 PEI Coating 

Citrate capped gold nanoparticles (AuNPs) were purchased at a known 15nm 

diameter and verified by dynamic light scattering. These particles were kept at 5°C to 

maintain their stability. Stable gold nanoparticles had a light pink color while aggregates 

formed and caused a color change to a dark purple. This was quantified using absorbance 

spectroscopy, as gold nanoparticles absorb at a wavelength of 520 nm.  

The molecule PEI was dissolved in water at 10 mg/mL. This was determined to be 

the optimal concentration of PEI for DNA delivery as cited in previous methods.145 

Samples of PEI were heated until they reached a temperature of 80°C, taking 30 minutes 

to attain the desired temperature. AuNPs were added to the sample at a volumetric ratio of 

2:1 PEI:AuNP. For our case, 333.34 µL of AuNPs were added to 666.66 µL of PEI, 

resulting in 1 mL of total solution. Samples were sonicated using a Branson 1800 Sonicator 

(Sigma Aldrich, USA), providing 40 kHz of sonic energy to the system for 15 minutes to 

reduce aggregation. The particles were then incubated overnight at 37°C, resulting in PEI 

capped gold nanoparticles (PEI-AuNPs). Following the overnight incubation, the particle 

size and zeta potential were determined using a Zetasizer nano zs90 (ThermoFisher 

Scientific, USA). The resulting solutions remained at 1 mL and displayed a slightly lighter 

pink than the original sample, which were quantified by spectroscopy.  

3.2.2 PEI Crosslinking 

PEI-AuNPs were crosslinked using an organic dehydration reaction to increase the 

particle’s morphology and compositional stability. Succinic Acid, N-Hydroxysuccinimide, 
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and EDC were added in a molar ratio of 100:1:1.4:1.4 PEI:SA: NHS: EDC in accordance 

with previous methods.63 Samples were sonicated at 40 kHz for 15 minutes to reduce 

aggregation. The particles were then incubated overnight at 37°C, resulting in crosslinked 

PEI coated gold nanoparticles (PEI-X-AuNPs). The resulting particles maintain the same 

light pink color which can be further confirmed using spectroscopy. The resultant mixture 

was centrifuged using an Axyspin R microcentrifuge (Corning, USA) at 13500 rpm and 

37°C for one hour, then resuspended in 1 mL of Tris Buffer to purify the particles of excess 

crosslinking material. 

3.2.3 Gold Core Dissolution 

I2 was added to the PEI-X-AuNPs samples in a molar ratio of 2:10 (I2): PEI-X-

AuNPs. The ideal molar ratio was determined through titration and examination of 

absorbance readings for AuNP presence. This reduced the gold particles to their ionic form 

through a galvanic replacement reaction. This reaction was left to complete over one hour 

with intermittent vortexing to provide better exposure to the interior particle. A wash was 

conducted to clean the sample of any excess gold or iodine. This resulted in hollow core 

PEI shell nanoparticles (HCPPs). The resultant solution was clear and showed no 

absorbance at 520 nm when measured.  

3.2.4 DNA Loading 

 Six different sequences of DNA (RAN and AGC: 19, 31, and 43) were used (Figure 

3.1). The RAN represents sequences which were randomly generated and have unknown 

affinity towards daunorubicin. The AGC sequence had repeating Adenosine, Guanine, and 

Cytosine base pair motifs. The associated number represents the total nucleotide length: 
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19, 31, and 43. Samples of DNA were preloaded with daunorubicin by incubating with 100 

µL of daunorubicin to 20 µL of DNA for 1 hour. DNA loading to the HCPPs was done 

through facile electrostatic self-assembly. Samples of DNA were loaded into individual 

centrifuge tubes to create 1 mL of 0.3 µM DNA. To stabilize the samples, 1.5 µL of 1 M 

MgCl was added to the samples to create 5 mM in solution. Samples were sonicated at 40 

kHz for 15 minutes to reduce aggregation. The particles were then incubated overnight at 

37°C, resulting in hollow core PEI particles conjugated with DNA (HCPPs-DNA). 

 

 
Figure 3.1. DNA sequences utilized. The sequences of DNA utilized in this research are 

denoted by their nucleotide composition and total sequence length. RAN refers to the 

sequences with a randomly chosen nucleotide sequence following the first 6 strands 

whereas AGC refers to the nucleotide sequence with a repeating AGC motif. “S” represents 

the thiol linker on the 5’ end of DNA. Figure created in BioRender. 

 

3.2.5 Therapeutic Loading to Nanoparticles  

To load daunorubicin to the HCPPs, 100 µL of 200 µM daunorubicin was added to 

1000 µL of HCPPs-DNA solution. The solution was placed in darkness on a rotator 
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overnight to maximize exposure of the drug to the particle surface and interior.134 The 

resultant solution was bright orange in color indicating the presence of high concentration 

daunorubicin in solution. Initial concentration of daunorubicin in solution was determined 

by fluorescence measurement at excitation λ=480 nm and emission λ=590 nm. 

Fluorescence testing was done in a black bottomed 96 well plate (Corning, USA) in dim 

lighting to ensure no damage to the light sensitive daunorubicin. This resulted in hollow 

core PEI shell nanoparticles with DNA and daunorubicin (HCPPs-DNA-Daun). The 

resulting solution was a lighter orange color than when daunorubicin was initially 

introduced, indicating the movement of the drug to the surface and interior of the 

nanoparticle. Additional samples were created to use as controls for future comparison: 

gold nanoparticles with a crosslinked PEI coating and condensed DNA with daunorubicin 

(PEI-X-AuNP-DNA-Daun) and hollow core PEI shell particles with daunorubicin 

(HCPPs-Daun).  

3.2.6 Preparation for Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR analysis was performed on a Nicolet™ iS50 FTIR Spectrometer 

(ThermoFisher Scientific, USA). To prepare PEI-AuNPs, PEI-X-AuNPS, and HCPPs-

Daun for proper FTIR usage, 75 mg of CuSO4 was added per 1 mL of PEI in solution. This 

resulted in a PEI-Cu complex on the surface of the particles which allowed for detection 

of the tertiary amine groups in PEI at 1630 cm-1.146 The resultant complex was a deep blue 

color that was visible to the naked eye and allowed for facile detection of successful PEI 

surface binding. This method is not viable for DNA loaded particles as the free amine 

groups are not available for PEI-Cu complex formation whilst DNA is condensed to the 

surface. Furthermore, a range of PEI-DNA complexes were studied under FTIR to 
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ascertain the charge ratio of primary amines to phosphate backbones. Volumetric ratios of 

1-5 PEI: DNA were investigated to determine the total ratio of positive to negative charges 

in solution. 

3.3 DNA Affinity Towards a Range of Surfaces 

To examine the baseline of binding to 2D gold surfaces, gold wafers of a known 

size (10 mm x 10 mm) were used. Wafers were initially cleaned of any contaminants using 

a piranha solution containing a 3:1 mixture of Sulfuric Acid and Hydrogen Peroxide. 

Wafers were rinsed in ethanol then suspended in 400 µL of 0.3 µM DNA for 1 hour inside 

a 24-well plate. Wafers were then washed with water then coated in DTT for 1 hour to 

remove the bound DNA from the surface. The resulting solution was measured for 

absorbance at λ=260nm to detect DNA remaining in solution. The concentration was 

converted to molecules of DNA per cm^2 of gold surface. To examine binding to AuNPS, 

PEI-X-AuNPs, and HCPPs-Daun the particles were mixed and rotated overnight with 2 

µM of DNA resulting in AuNPS-DNA, PEI-X-AuNPS-DNA, and HCPPs-Daun-DNA, 

respectively. The resulting solutions were centrifuged using an Axygen® Axyspin 

Refrigerated Microcentrifuge (Corning, USA) at 37°C, 10000 rpm for 60 minutes, then 

resuspended with 300 µL DTT for 1 hour to remove the bound DNA. The resultant 

supernatant was measured for absorbance at λ=260nm to detect DNA remaining in 

solution, and mass balance was used to calculate the total concentration bound to the 

surface of each set of particles. 
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3.3.1 Effects of Ionic Strength on DNA Binding 

 To understand the contribution of ionic strength on the binding capabilities of DNA to 

PEI, the binding at different ionic concentrations was investigated. The RAN-19 strand 

was used together with varying quantities of sodium chloride (NaCl) to adjust the salt 

content. Concentrations ranged from 200-800 mM of NaCl with increments of 200 mM. 

Ethidium bromide (EtBr), a fluorescent molecule that’s fluorescent intensity is increased 

when bound to the base pairs of DNA, was used as a detection agent. When in the presence 

of PEI, the intensified fluorescence of the EtBr-DNA complex is quenched.147 EtBr was 

added in a 1:10 molar ratio to 2 µM of DNA RAN-19. This in turn was added to a stock 

solution of Tris buffer and 20 µL 10 mg/mL PEI to create 1 mL of total solution. NaCl was 

then added in the previously mentioned concentrations to create varying ionic strengths in 

solution. The resulting solution was left at room temperature for an hour to allow time for 

binding.  

 The solution was then measured for fluorescence at excitation wavelength λ=520 nm 

and emission wavelength λ=600 nm. The relative fluorescence (Fr) was determined through 

comparison to the relative fluorescence of the bare fluorescent materials (Equation 1). In 

this equation, the fluorescence of EtBr in the absence of DNA (Fe) was subtracted from the 

measured fluorescence (Fobs), then divided by the initial fluorescence of the EtBr-DNA 

complex in the absences of cationic polymer (Fo), subtracted by Fe.  

𝐹𝑟 =
𝐹𝑜𝑏𝑠 − 𝐹𝑒

𝐹𝑜 − 𝐹𝑒
 (1)
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3.3.2 Effects of Charge Ratio on DNA Binding 

 To understand the effect that the charge ratio has on the binding of DNA to the cationic 

polymer surface, a range of charge ratios were compared. The RAN-19 strand was utilized 

with varying ratios of 10 mg/mL PEI, thus changing the ratio of primary amines to 

backbone phosphates in solution. Charge ratios of 0.2-2.0 were investigated and EtBr was 

again used as the fluorescent agent of interest. EtBr was added in a 1:10 molar ratio to 2 

µM of DNA RAN-19. This was added to a stock solution of Tris buffer and varying 

amounts of 10 mg/mL PEI to create 1 mL of total solution. The resulting solution was left 

at room temperature for an hour to allow time for binding. The relative fluorescence was 

calculated through the previously described equation. 

3.4 Agarose Gel Electrophoresis 

Gel electrophoresis was conducted in a 10 cm, Axygen® Horizontal Gel Box, 

(Corning, USA) using the Owl EC1000XL Programmable Power Supply (ThermoFisher 

Scientific, USA). A 1.2% Agarose Gel was created using a 1X TAE buffer created from 

25X stock buffer. The gel was run at 100V for 1 hour using the FTIR prepared samples to 

create a full profile of gel permeation.148 The difference in permeation of different DNA 

sequences was compared between DNA loaded with daunorubicin prior to addition to the 

nanoparticles and DNA loaded with daunorubicin simultaneously to particle addition.  

3.5 Daunorubicin Affinity Towards a Range of DNA Sequences 

A standard curve of daunorubicin concentration was created using the 

SpectraMax® M3 Multi-Mode Microplate Reader (VWR, USA) for later usage in 

determining daunorubicin concentration. DNA sequences were used to determine 
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daunorubicin's affinity towards them. daunorubicin and DNA were mixed at molar ratios 

of 10, 25, 50, 100, 250, 500, 750, 1000 per 1 mole of DNA. Solutions were left for 1 hour 

to allow daunorubicin to intercalate to DNA. Daunorubicin's fluorescence was measured, 

then through mass balance was converted to a measure of molecules of daunorubicin per 

strand of DNA plotted against the molar ratio of Daun: DNA.  

3.6 In Vitro Drug Release 

Elution of drug was conducted in 75 mL of 1X PBS prepared from a stock solution 

of 20X PBS in a sealed dissolution apparatus held at 37°C, with rotators providing mixing 

at 150 rpm. A Float-a-lyzer dialysis bag was prepared in accordance with included 

instructions for usage, and 1 mL of HCPPs-DNA-Daun were loaded to the interior of the 

dialysis bag. Five aliquots of 1 mL were taken from the PBS at time points 0, 1, 5, 10, 15, 

30, 60, and 240 minutes. The aliquots were measured for fluorescence at excitation λ= 480 

nm and emission λ=590 nm to determine the concentration of daunorubicin in the PBS 

solution.  

3.7 Drug Release Model 

Drug release was modeled to fit the Korsmeyer-Peppas drug release model that is 

frequently used to describe the diffusion of drug from polymeric nanoparticles.149,150 The 

model describes a zero-order release for the first 60% of the total fractional release, 

followed by a first-order release for the remainder of the release profile. The model 

approximated the fractional release (F) of the drug at time point “t” being equal to the 

amount of drug released at “t” (Mt) divided by the total amount of drug (M). This was 

equivalent to a kinetic constant (K) multiplied by the time point (t) with a diffusion or 
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release exponent (n) (Equation 2). The exponent “n” defines the mechanism of drug release 

where a value below 0.45 is representative of Fickian diffusion, a value between 0.45 and 

0.89 is indicative of non-Fickian diffusion, and n=0.89 is indicative of zero order release. 

All values above 0.89 represented super case II transport, where sorption is controlled by 

stress induced relaxations at the boundary.151 

𝐹 = (
𝑀𝑡

𝑀
) = 𝐾 ∗ 𝑡𝑛  (2) 

Release of non-polymeric nanoparticles and free drug were modeled via other 

methods as there were no barriers to the release of drug from the dialysis membrane to the 

exterior supernatant.  

3.8 Assessment of DNA Stability 

3.8.1 Nuclease Degradation 

To compare degradation of DNA in free solution and bound to particles, the RAN-

19 strands were exposed to nuclease. Samples of DNA bound to HCPPs, DNA bound to 

Citrate Capped AuNPs (AuNP-DNA), and freely dispersed in water were analyzed. HCPPs 

were crafted in accordance with previously mentioned methods in section 3.2. AuNP-DNA 

was synthesized through the addition of 10.7 µL of RAN-19 DNA to create 0.3 µM of 

DNA in a total of 300 µL solution. To stabilize the samples, 1.5 µL of 1 M MgCl was 

added to the samples to create 5 mM in solution. Samples were sonicated at 40 kHz for 15 

minutes to reduce aggregation. The particles were then incubated overnight at 37°C, 

resulting in AuNP-DNA particles.  
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 To observe the functionality of DNA as a nanocarrier, EtBr was added in the same 

formulation as mentioned in section 3.3.1. The baseline fluorescence of the samples was 

calculated following 1 hour of incubation. To simulate the degradation of DNA when 

exposed to nuclease, DNAse I was incorporated.152 A total of 11 µL (corresponding to 

0.0717 units) of DNAse I was introduced to the samples and heated to 37ºC and allowed 

to degrade the DNA for 10 minutes before incorporating 10 µL of Tris-EDTA to halt the 

reaction. A dilution of 0.01 M Ammonium Hydroxide was added to the nanoparticle 

solutions to shift the pH to 9 and slowly strip DNA from the surface of the particles over 

the course of 48 hours.  

3.8.2 Albumin Study 

To determine the stability of particles when circulating through the bloodstream, 

albumin was used.153 HCPPs were crafted in accordance with previously mentioned 

methods in section 3.2. HCPPs were suspended in both Tris-EDTA buffer (pH 8.0) as well 

as bovine serum albumin at 10 mg/ml. Particle solutions were left to mix for 1 hour before 

being tested for aggregation through dynamic light scattering at 37°C.  



 

35 

Chapter 4  

Particle Characterization 

In this research, a facile and repeatable method was developed for synthesizing 

particles of the desired properties. These properties are deemed desirable for efficient and 

targeted drug delivery of nucleic acids for chemotherapeutic payloads. This section details 

the findings in terms of several metrics typically used to characterize nanoparticle stability 

and functionality as vessels for drug delivery.  

4.1 Particle Characterization Trends 

4.1.1 Particle Size and Morphology Characteristics 

 The particle diameter was defined through examination by dynamic light scattering 

(Figure 4.1). The gold nanoparticles were found to have a diameter of 18 ± 0.2829 nm. 

When coated with PEI, the diameter of the particles increases by 52 ± 7.3 nm. Since there 

is no limiting factor to the layering of polymer, there is a wider polydispersity seen within 

the sample.154 When crosslinked and resuspended, the overall size and polydispersity 

decreases by 13 ± 4.9 nm, as excess PEI has been washed from the system. When the core 

is removed and drug is introduced to the system, the size increases by 8.5 ± 1.0 nm as drug 

is encapsulated by the hollow particle. With the loading of DNA to the surface of the 

HCPPs-Daun, the overall diameter increases 40.3 ± 17.3 nm with the condensation of the 

DNA to the surface through electrostatic interactions between the PEI’s primary amines 

and DNA’s backbone phosphates. Polydispersity is widespread as varying amounts of 

DNA can bind to each particle, resulting in a larger variety of particle diameters. The 
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changes in diameter between all sets of particles were determined to be statistically 

significant through one-way Anova testing.  

 

 
Figure 4.1. Particle diameter following polymeric modifications, core removal, drug 

addition, and DNA conjugation. Several configurations of nanoparticles are compared by 

total particle diameter: (from left to right) Citrate Capped Gold Nanoparticles ( ), PEI 

Capped Gold Nanoparticles ( ), Crosslinked PEI Capped Gold Nanoparticles ( ), Hollow 

Core PEI Particles loaded with daunorubicin ( ), and Hollow Core PEI Particles 

conjugated with daunorubicin loaded DNA ( ). Results obtained through dynamic light 

scattering with consistent temperature. Results were aggregated between all DNA 

sequence types and data quality criteria were determined to be met through internal 

software of the Zetasizer. Significance was found by One-way Anova Test. 

 

A circular and ovoid morphology can be hypothesized to have formed in samples 

due to the formation of a singular peak in the distribution of particle diameters (Figure 4.2). 

Dynamic light scattering presupposes a spherical morphology of the particles; thus, a 
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singular peak indicates a particle diameter of a uniform length. Citrate capped gold 

nanoparticles showed a small 21 nm range between the largest and smallest particle 

detected in solution. With polymeric addition to the surface, this range increases to 350 

nm, suggesting aggregation between uncapped particles. There was no notable change in 

this range with the crosslinking of the surface PEI. This range increases again to 391 nm 

with the addition of daunorubicin to the core of the hollow core PEI particles. This increase 

is hypothesized to occur due to varying amounts of daunorubicin binding to the interior of 

the nanoparticle. There is no modification made to control the degree of drug loading to 

the interior of the core, thus we assume that the electrostatic binding occurs to varying 

extents in each particle. Finally, the DNA condensation on the particle surface increases 

this range to 660 nm. This is again hypothesized to occur due to differences in the loading 

density per nanoparticle, as there are no factors used to remove particles of high or low 

nucleic acid density from the solution.  
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Figure 4.2. Effects of polymeric modifications, core removal, drug addition, and DNA 

conjugation on dispersity of particle diameters. Several configurations of nanoparticles are 

compared by distribution of particle: (from left to right) Citrate Capped Gold Nanoparticles 

( ), PEI Capped Gold Nanoparticles ( ), Crosslinked PEI Capped Gold Nanoparticles ( ), 

Hollow Core PEI Particles loaded with daunorubicin ( ), and Hollow Core PEI Particles 

conjugated with daunorubicin loaded DNA ( ). Results obtained through dynamic light 

scattering with consistent temperature. Results were aggregated and data quality criteria 

was determined to be met through internal software of the Zetasizer.  

 

4.1.2 Particle Zeta Potential Changes 

 The zeta potential of each stage of particle synthesis was found through Zetasizer 

measurement (Figure 4.3). A highly negative (ζ ≤ –25mV) zeta potential was observed 

from the citrate capped gold nanoparticles. This was a deliberate choice by the 

manufacturers to prevent particle aggregation. A highly positive (ζ ≥ +25mV) zeta potential 

was obtained with the addition of PEI. This is due to the highly cationic nature of the 

polymer and the high charge ratio of nitrogen as compared to free phosphates in DNA. 
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This high positive charge can further prevent aggregation between particles.155 With the 

crosslinking of PEI on the surface of the particles, there was a 7.3 ± 1.2 mV decrease in the 

zeta potential, as cationic primary amines were used to crosslink between PEI molecules. 

Incubation of hollow core particles with daunorubicin shows a further 7.7 ± 0.87 mV 

decrease in particle zeta potential as the daunorubicin binds to the surface and interior of 

the hollow core particle through electrostatic interaction, limiting the cationic primary 

amines on the surface of the particle. These changes were all determined to be statistically 

significant. The addition of DNA to the surface of the particle causes a statistically 

insignificant increase of 4.4 ± 3.5 mV, as DNA takes the place of daunorubicin on the 

surface of the nanoparticles and intercalates additional daunorubicin to the nucleotides.  
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Figure 4.3. Particle zeta potential following polymeric modifications, core removal, drug 

addition, and DNA conjugation. Several configurations of nanoparticles are compared by 

zeta potential: (from left to right) Citrate Capped Gold Nanoparticles ( ), PEI Capped Gold 

Nanoparticles ( ), Crosslinked PEI Capped Gold Nanoparticles ( ), Hollow Core PEI 

Particles loaded with daunorubicin ( ), and Hollow Core PEI Particles conjugated with 

daunorubicin loaded DNA ( ). Results obtained through Zetasizer nano zs 90 with 

consistent temperature with consistent temperature. Results of all DNA sequences were 

aggregated, and data quality criteria was determined to be met through internal software of 

the Zetasizer. Significance was determined by One-way Anova Test.  

  

4.1.3 Absorbance Characteristics of Particles Following Modifications 

 Gold Nanoparticles are capable of being detected through absorbance measurements, 

allowing for facile detection of core composition and gold core removal.156 The absorbance 

at between 400 and 600 nm wavelengths was noted along each step of particle synthesis 

(Figure 4.4). Citrate Capped Gold Nanoparticles were observed to have the highest 

absorbance at 520 nm. When coated with PEI the detection of gold through absorbance is 

diminished 56% as layers of polymer shield the gold surfaces interactions with light. This 
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is further diminished 75% when PEI is crosslinked on the surface, as the PEI is packed 

more densely over the surface of the gold. The dissolution of the gold core results in an 

85% decrease of absorbance in the 520 nm point, as the gold no longer retains any optical 

properties it had in the colloidal phase once dissolved by the iodine. The addition 

daunorubicin and DNA increase the absorbance of the particles at 520 nm, however, this 

can be attributed to the minor absorbance displayed by daunorubicin at 480 nm.157 The 

absorbance of daunorubicin in solution is not statistically significantly changed by the 

addition of drug loaded DNA to the surface of the particle.  
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Figure 4.4. Changes in absorbance of nanoparticles following polymeric modifications, 

core removal, drug addition, and DNA conjugation. Several configurations of 

nanoparticles are compared by total particle diameter: Citrate Capped Gold Nanoparticles 

( ), PEI Capped Gold Nanoparticles ( ), Crosslinked PEI Capped Gold Nanoparticles  

(  ), Hollow Core PEI Particles (□), Hollow Core PEI Particles loaded with daunorubicin 

(X), and Hollow Core PEI Particles conjugated with daunorubicin loaded DNA (+). 

Samples measured on standard 96-well clear bottomed plates. Absorbance spectrum taken 

from 400-600 nm with baseline reduced by water blank. Data is representative of n=3.  

 

4.1.4 FTIR Analysis of Polymeric Nanoparticles 

 Fourier transform infrared spectroscopy was used to further identify the chemical 

composition of nanoparticles. FTIR can elucidate the nature of bonds within a given 

solution. With the formation of the PEI-Cu complex, the detection of primary amines in 

solution is possible (Figure 4.5).158 Primary amines which are capable of binding are 

detected in a medium width with a transmittance at 3500-3300 cm-1. Tertiary amines which 

compose the backbone of the polymer are detected at 1680-1630 cm-1
. The transmittance 
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detected by FTIR shows primary amines appearing in the sample four times as often as 

tertiary amines. Further analysis of additional particle configurations allows further 

validation of the composition of the nanoparticles. These additional conformations allow 

for the detection of DNA and daunorubicin in solution following washes and confirms that 

the binding of the DNA backbone to the surface is conducted through primary amines 

(Figures A1-A2). 

 

 
Figure 4.5. FTIR detection of the PEI-Cu complex in hollow core polyethyleneimine 

particles. 75 mg of copper is used per 1 mL of HCPPs. The aggregates of 32 individual 

runs are aggregated, and a background measurement is collected before data collection. 

Data points indicate the wavelength at which the peak occurs. Composition of sample 

determined through cross-examination of a library of Infrared Spectroscopy Frequency 

Ranges. 

 

 

4.2 DNA Affinity Towards Gold Wafers and Nanoparticles 

 To better understand the capabilities of DNA binding to the hollow core polymer 

model, we investigated the ability of DNA to bind to several gold and polymer coated 

surfaces. This gave a baseline for determining how the effectiveness of DNA binding was 
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modified by adding polymer and removing the gold core. DNA architectures when bound 

to cationic polymers are highly dependent on the charge ratio of primary amines in the 

polymer to the number of phosphates available in the DNA backbone.  

4.2.1 DNA Binding to Gold Wafers and Nanoparticles 

 The first form of binding substrate used was gold wafers which allowed for binding to 

a known surface area of gold. Wafers and nanoparticles were compared by the individual 

DNA strands to determine the changes in affinity regarding the composition and length of 

the strand (Figure 4.6). There were no significant differences in the amount of DNA bound 

to the gold wafer surfaces, in terms of the diverse types of stands. Length and composition 

of the nucleotides did not play a role in the ability or affinity towards binding to a gold 

surface. Between 1.5-2 x1010 DNA molecules could attach per cm2 of the gold wafer. 

Binding was determined through absorbance, with total number of molecules being 

calculated from a standard curve. Gold nanoparticles bound 2 orders of magnitude lower 

than the gold wafers, between 4.0-5.5 x108 molecules of DNA bound per cm2 of gold 

surface area. There was no significant difference in the amount of DNA bound to gold 

nanoparticles based on the composition or length of the strand. The differences between 

the wafers and particles are hypothesized to be due to the differences in architecture of 

DNA binding. Previously, our group has demonstrated the production of gold nanoparticles 

affixed with nucleic acids in a radial confirmation.159 However, the planar surface of the 

wafer results in a linear conformation of the DNA. The radial confirmation on the 

nanoparticle surface can limit the ability of nucleic acids to bind to the surface due to steric 

hindrances. Furthermore, interactions between particle bound DNA cannot be ignored and 

may hinder further binding to neighboring particles. Though increasing the concentration 
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of DNA in solution would allow us to match the density of DNA on the gold wafer, we 

retained the original concentration to maintain consistency across our release studies.  

 

 
Figure 4.6. DNA bound per cm2 of gold surface. RAN sequences and AGC sequences were 

compared for binding density to Gold Wafers ( ) and Gold Nanoparticles ( ). Significance 

was determined through One-way Anova Test.  

 

4.2.2 DNA Binding to Gold and Polymeric Nanoparticles  

 A range of nanoparticles were used in determining the loading density of DNA strands 

to the surfaces of both gold and polymer (Figure 4.7). Each DNA strand was tested 

separately on the different particle surfaces. Gold nanoparticles were determined to have 

the highest density of DNA binding to the surface, reaching between 115-155 DNA 

molecules per particle in solution. This was found to be significantly higher than the 
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polymeric shell nanoparticles which ranged between 75-95 DNA molecules per particle. 

This can be attributed to the difference in DNA architecture of the surface of gold and 

cationic polymers. Gold nanoparticles with their negative surface charge allow the DNA, 

which is outfitted with thiol to increase binding capability, to orient in a radial structure. 

This uses only a small portion of the surface area to attach the DNA to the surface. DNA 

binding is thus limited by the repulsion of the negative DNA backbones from one another, 

resulting in an even spacing of DNA molecules across the surface of the nanoparticle. 

However, PEI surface coatings force the phosphate backbone of the DNA to 

electrostatically bind to the highly cationic surface of the nanoparticle, resulting in a 

condensed structure to the surface. Thus, a higher surface area is taken up by each DNA 

strand, resulting in an overall lower number of strands per particle. There was no significant 

difference found between the amount of loading found on the PEI capped gold 

nanoparticles as compared to HCPPs, as the surfaces both maintained a similar level of 

cationic charge. Additionally, there was no statistical significance between the binding 

capabilities of the DNA strands to the surfaces in terms of strand composition or length.  
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Figure 4.7. DNA binding to nanoparticles. Several configurations of nanoparticles are 

compared by total DNA loaded to surface: (from left to right) Citrate Capped Gold 

Nanoparticles ( ), PEI Capped Gold Nanoparticles ( ), and Hollow Core PEI Particles 

conjugated with daunorubicin loaded DNA ( ). Significance was determined through One-

way Anova Test. Data is representative of n=3. 

 

 

Due to the nature of the zeta potential, particle composition, and surface binding 

data, we hypothesize the DNA architecture on the particle to fit a toroidal model (Figure 

4.8).160 This hypothesis comes from the knowledge of several results from the data. First, 

the particle's surface remains highly positive throughout the changes to surface chemistry 

and crosslinking density. The negatively charged DNA backbone is likely to orient itself 

to allow for the most binding to the polymer surface. Secondly, the hollow particle 

comprises many primary amines, available for electrostatic binding. These amines are 

located throughout the particle, not just on the surface. It is then likely that the DNA would 

0

20

40

60

80

100

120

140

160

180

200

M
o

le
cu

le
s 

o
f 

D
N

A
 p

er
 P

ar
ti

cl
e

*
* *

*
*

*

n=9

*p<0.05

AuNPs ( ) 

PEI-X-AuNPs-DNA ( )  

HCPPs-DNA ( ) 



 

48 

be able to maneuver into the shell of the particle to reach more of the available amines once 

the surface is fully coated by a DNA layer. Finally, gold nanoparticles attach a higher 

number of DNA molecules to the surface. The binding mechanism for this interaction is at 

the DNA’s 5’ end, where the thiol linking cap is located. However, the polymeric 

nanoparticles bind DNA at the backbone, resulting in binding across any point of the DNA 

strand. This increases the amount of surface area that one DNA strand can coat, reducing 

the density of DNA molecules bound per particle. For this reason, we hypothesize that 

DNA condenses to the surface rather than a radial confirmation. 

 

 
Figure 4.8. Toroidal morphology of DNA on hollow PEI particle. Proposed toroidal 

morphology due to the cationic charge of the polymer surface. DNA interweaves itself 

superficially underneath the surface to orient its phosphate backbone in line with the 

surface's primary amines. Figure created in BioRender.  
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4.2.3 Effects of Ionic Concentration and Charge Density on Drug Binding 

 To understand the effect of ion concentration on the capability of DNA binding to the 

PEI surface, several salt concentrations were utilized during the binding process under 

stable conditions. (Figure 4.9). Utilizing EtBr, which fluoresces in the presence of DNA 

and is quenched in the presence of PEI, the capability of drug binding in the presence of 

PEI was monitored. At lower concentrations, the condensation of the DNA to the PEI 

surface prevents EtBr binding to the minor groove of the DNA backbone. With increasing 

salt concentration, the phosphate backbone of DNA is stabilized and limits the electrostatic 

binding of DNA to PEI, which allows for an increase in the intercalation and formation of 

the DNA-EtBr complex. When increasing the ionic concentration of the solution from 200 

nM to 800 nM, there was a proportional 64% increase in the relative fluorescence of EtBr. 

This denotes a linear relationship between the ionic concentration in solution and the 

potential for drug loading by nucleic acids. Furthermore, we tried to analyze the effect of 

ionic concentration on the nanoparticle's overall size but increasing it above 200 nM 

resulted in a high degree of aggregation, which rendered DLS measurements non-viable.   
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Figure 4.9. Effect of ionic concentration on DNA drug binding in the presence of PEI. Data 

representative of n=3. Data determined to be statistically significant through One-way 

Anova testing. Fluorescence is relative to the maximum amount of fluorescence exhibited 

by EtBr when in the presence of DNA.  

 

Furthermore, varying charge ratios were used to determine the capability of drug 

binding to DNA with respect to the presence of cations (Figure 4.10). Again, EtBr was 

used as the drug of interest to determine the limitations of increasing PEI concentration. At 

low charge ratios (PEI Primary Amines: DNA Backbone Phosphates), EtBr was 

successfully bound to DNA allowing for high fluorescence detection. Specifically, with a 

ten-fold increase to the charge ratio, the higher strength of condensation to the PEI surface 

decreased the binding of EtBr by 61%.  
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Figure 4.10. Effect of charge ratio on DNA drug binding in the presence of PEI. Data 

representative of n=3. Data determined to be statistically significant through One-way 

Anova testing. Charge ratios were calculated using FTIR analysis to determine the 

absorbance of primary amines as compared to the backbone phosphates of PEI. 

Fluorescence is relative to the maximum amount of fluorescence exhibited by EtBr when 

in the presence of DNA. 

 

4.3 Comparison of Drug Loading Methods 

 To determine the extent to which PEI binding inhibits the ability of DNA-Daun 

complex formation, gel electrophoresis was used. By loading daunorubicin to DNA at two 

separate points during synthesis, either before or simultaneously in addition to HCPPs, we 

distinguished the differences in mass of drug loaded per particle. DNA loaded prior to 

addition to PEI nanoparticles can load a higher volume of drug than PEI-DNA conjugates 

are formed (Figure 4.11). With equivalent charge and morphologies, the only contribution 

to the decrease in band traveling would be the mass of the particles. There was a statistically 
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significant 32% decrease in the total drug mass loaded when drug was loaded with DNA 

simultaneously (Figure A3). This implies that the binding of the DNA backbone to PEI 

free amines results in a decrease in DNA intercalating daunorubicin. This upholds our 

current understanding of the interactions between intercalative drug and cationic polymer 

nanocarriers.161 Previous results from the charge ratio analysis (Figure 4.10) also 

corroborate this, as the presence of cations shows a decrease in the ability of DNA to bind 

another intercalative drug.  

 

 
Figure 4.11. Gel electrophoresis for determination of density of drug loading. Copper 

addition was used to create the blue Cu-PEI complex, allowing for facile observation of 

bands by the naked eye. Differences in morphology and zeta potential were determined to 

be insignificant through DLS and Zetasizer measurements.  
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Chapter 5  

Drug Loading and Release 

5.1 Daunorubicin Affinity Towards the Chosen Set of DNA Sequences 

 To understand the loading and release mechanism of daunorubicin within our 

synthesized platform, we must first understand the innerworkings of daunorubicin’s 

binding to DNA. To do this, we studied the potential of daunorubicin binding with 

increasing concentration (Figure 5.1). As anticipated, increasing the molar concentration 

of daunorubicin in relation to the molar concentration of DNA in solution increased the 

total amount of drug bound per strand of DNA. There was a clear linear relationship found 

between the increase in daunorubicin in solution, and the total amount bound to the nucleic 

acid. The different compositions of strands did not show any significant difference in 

binding. Strands with a longer length on average showed a higher number of molecules 

bound per strand of DNA in solution. This corroborates the evidence that there is a higher 

number of binding sites on strands of a longer length.162 At higher concentrations of 

daunorubicin (Daun: DNA concentration ratio ≥500), this difference was negligible.  
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Figure 5.1. Mass of daunorubicin bound per mass of DNA. RAN sequences 19 (  ), 31 ( ), 

43 ( ) and AGC sequences 19 (  ), 31 ( ), 43 ( ) were compared on Hollow Core PEI 

Nanoparticles loaded with daunorubicin. Data is representative of n=3. DNA concentration 

of 2 µM was used consistently.  

 

 Through these results, the dissociation constants (Table 5.1) and Hill Coefficients were 

calculated. The dissociation constant (Kd) describes the rate at which the ligand detaches 

itself from the protein in comparison to the rate at which the protein-ligand complex forms. 

A lower dissociation constant indicates higher affinity towards the formation of a complex 

between DNA and daunorubicin. Dissociation constants between the range of 10-9―10-12 

M are a high affinity towards the formation of complex formation.163 All sequences were 

determined to have a moderately high affinity towards the formation of the complex, with 

no significant differences in affinity between the different strand compositions. There was 

a trend observed in that as the length of the strand increased, there was an increase in the 
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affinity towards binding. This further indicates that increasing the number of available 

binding sites increases the ability of daunorubicin to intercalate to the DNA nucleotides.  

 

 Table 5.1 

Dissociation Constants of DNA-Daun Complex 

Note. Dissociation constants are calculated under the assumption that daunorubicin 

requires 3 nucleotides to bind. Deviation is determined through comparison of linear 

regression models.  

 

Furthermore, an analysis of the Hill Coefficients (n) shows that cooperativity in binding 

becomes more positive as the length of the strand increases (Table 5.2). This denotes that 

daunorubicin binding further promotes additional drug intercalation. This validates 

previous studies into the binding functionality of daunorubicin to DNA.164 

 

  

 Dissociation Constant (nM)  

RAN-19 RAN-31 RAN-43 

7.24 +/- 0.31 4.37 +/- 0.57 0.548 +/- 0.55 

AGC-19 AGC-31 AGC-43 

12.02 +/- 0.36 7.41 +/- 0.35 1.48 +/- 0.49 
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Table 5.2.  

DNA-Daun Complex Hill Coefficients 
 

Hill Coefficients 
 

RAN-19 RAN-31 RAN-43 

1.0299 1.0748 1.4491 

AGC-19 AGC-31 AGC-43 

0.9528 0.939 1.2534 

Note. Hill Coefficients (n) were calculated for each DNA sequence. Hill coefficients n >1 

indicate cooperative binding. A Hill Coefficient less than 1 is associated with negative 

cooperativity, indicating that daunorubicin binding inhibits further binding of 

daunorubicin. 

 

5.2 Release Profile of Daunorubicin 

 The key metric to understand the viability of our platform as a drug delivery vehicle is 

to ascertain the profile of release from the hollow core with DNA structure as compared to 

both unbound daunorubicin as well as drug loaded to the interior of a hollow core 

nanoparticle. Our tests were conducted until it was verified that all mass released was 

calculated. All release studies were conducted in PBS to mimic biological conditions.165  

5.2.1 Release from HCPPs-DNA-Daun 

 The fractional releases of all strands were compared to contrast the profile and rate of 

release from the Hollow Core PEI Nanoparticles (Figure 5.2). All strands maintained an 

extended release over a 12-hour period following Peppas-Korsmeyer modeling. All 

constants are representative of Fickian diffusion for spherical samples (n<0.43). This leads 

us to believe that the primary factor driving drug release is concentration driven separation 

from the DNA followed by the diffusion of the encapsulated drug through the polymeric 

layer. The profiles in the release show no trends in terms of strand composition. This 

upholds the previous assertion that there is trivial difference in dissociation between strand 
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composition. Additionally, there is no trend in terms of strand length, further justifying the 

idea that there are no significant differences in the dissociation profile of the DNA-Daun 

complex in terms of strand length or the number of available binding sites.  

 

  
Figure 5.2. Fractional release of daunorubicin from HCPPs-DNA-Daun. RAN sequences 

19 (  ), 31 ( ), 43 ( ) and AGC sequences 19 (  ), 31 ( ), 43 ( ) were compared on Hollow 

Core PEI Nanoparticles loaded with daunorubicin. Data is representative of n=3. 

 

 The cumulative mass release for all strands were compared by length to determine 

differences in mass release and loading. Particles were grouped by strand compositions 

random sequences (Figure 5.3A) and the designer AGC sequences (Figure 5.3B), with all 

lengths represented. Strands with the longest sequence length on average released 8.75 ± 

0.25 mg more than their smallest counterparts. This further validates the understanding that 
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longer sequences contain more sites for drug binding. Though the total mass loaded was 

increased for longer strands, the profile of release remained consistent between strand 

lengths. The AGC strands on average released a total of 3.83 ± 0.33 mg more than their 

RAN counterparts.  

 

 
Figure 5.3. Daunorubicin mass release of HCPPs-DNA-Daun. RAN sequences (A) 19 (  ), 

31 ( ), 43 ( ) and AGC sequences (B) 19 (  ), 31 ( ), 43 ( ) were compared on Hollow 

Core PEI Nanoparticles loaded with daunorubicin. Data is representative of n=3. 

 

5.2.2 Release from PEI-X-AuNP-DNA-Daun 

 To evaluate the drug release of HCPPs, the fractional mass release of solid core 

particles was compared (Figure 5.4). When observing the fractional release of the PEI-X-

AuNP-DNA-Daun, the total time to release the entirety of the payload is reduced to 1 hour 

as compared to the 12-hour release seen in HCPPs-DNA-Daun. The longer time required 

to release in the HCPPs could be indicative of the ability of the hollow sphere to retain 
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drug and release over a slower period. This can be better seen when comparing mass release 

where HCPPs can load a much higher mass of drug (Figure 5.5). The hollow core particles 

were able to load 225 ± 44.6mg more drug per cm3 of nanoparticles than the solid core 

formulation. This change in drug loading capability is hypothesized to be attributed to the 

hollow morphology as the differences in DNA able to be loaded to both are not statistically 

significant. This is further supported by analyzing the differences in available volume for 

each particle, compared to the total amount of drug volume loaded (Figure A4). Another 

possibility is that the hollow surface does not disrupt the ability of the daunorubicin to load 

as greatly as a solid surface would. Release orders of the fractional release were calculated 

to determine the mechanisms of release (Table 5.3). Potential sources of error include 

possible photobleaching of daunorubicin when exposed to light for extended periods. 

Additionally, daunorubicin is not detectable at low concentrations as the hydrophobic 

molecule moves to the edge of the well plate. This may have resulted in lower values of 

fluorescence that did not represent the actual amount of daunorubicin released.  
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Figure 5.4. Fractional release of daunorubicin from hollow and solid core 

polyethyleneimine nanoparticles with DNA-Daun. Fractional release of Hollow Core PEI 

Nanoparticles Conjugated to DNA loaded with daunorubicin ( ) were compared to Solid 

Core PEI capped Gold Nanoparticles conjugated with DNA loaded with daunorubicin ( ). 

Data is representative of n=3. All DNA strands were aggregated. 
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Figure 5.5. Mass release of daunorubicin from hollow and solid core polyethyleneimine 

nanoparticles with DNA-Daun. Total mass release of Hollow Core PEI Nanoparticles 

Conjugated to DNA loaded with daunorubicin ( ) were compared to Solid Core PEI 

capped Gold Nanoparticles conjugated with DNA loaded with daunorubicin ( ). Data is 

representative of n=3. All DNA strands were aggregated.  
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Table 5.3 

Order of Daunorubicin Release for Solid and Hollow Core Particles 
 

RAN-19 AGC-19 RAN-31 AGC-31 RAN-43 AGC-43 

Solid Particles 0.41 0.17 0.16 0.16 0.19 0.22 

Hollow Particles 0.35 0.37 0.42 0.42 0.37 0.30 

Note. The order of daunorubicin release from the particles were compared for solid 

particles (AuNP-PEI-DNA-Daun) and hollow particles (PEI-DNA-Daun). The order 

number (n) is calculated as the value in the release equation Mt/M∞=k*tn where Mt is the 

mass released at a given timepoint, M∞ is the mass released as time approaches infinity, k 

is a release constant, and “t” is time. The “n” value is considered valid up to the first 60% 

of mass release.  

 

5.4 Assessment of DNA Stability 

5.4.1 Nuclease Degradation 

 The effects on particle bound DNA drug loading capability by DNA degrading 

nuclease were determined through comparison to the effects on DNA suspended in buffer 

(Figure 5.6). HCPPs were shown to mitigate the degradation of DNA when bound to the 

surface in contrast to DNA left to degrade in buffer. EtBr was again used as an 

intercalative agent to determine if DNA remained capable of binding drug between base 

pairs. This would be impossible if the backbone of the DNA were eroded through 

nuclease degradation. Solid core gold nanoparticles were able to inhibit the degradation 

of the DNA backbone, exhibiting a 46% reduction in binding functionality after 10 

minutes of exposure. HCPPs were shown to limit degradation of functional DNA to an 

average of 32%, whereas DNA simply suspended had a reduction in functional binding of 

62%. This corresponds to the protective effects on DNA when bound to the surfaces of 

PEI nanoparticles. The strong electrostatic bonds between these molecules limit the 
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effectiveness of DNAse by sterically hindering their interactions. DNA loaded on PEI 

particles will be more likely to retain its drug loading function when exposed to the 

nucleases present in lysosomes.166 Hollow core PEI particles are also more effective than 

solid core gold nanoparticles in protecting nucleic acid. This further indicates a difference 

in DNA morphology on the surface. Nuclease targets the exposed backbone on the gold 

particle and is less effective in targeting the condensed backbone on the PEI particle 

surface. This is important for DNA drug delivery, as foreign DNA will naturally provoke 

immune response in vivo. This finding shows that HCPPs are better DNA drug delivery 

vectors will be more stable when delivering drug loaded DNA which may lead to more 

effective drug delivery. 
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Figure 5.6. Stability of DNA when exposed to nuclease. DNA suspended in buffer ( ), 

Gold nanoparticles with DNA ( ), and Hollow core PEI nanoparticles conjugated with 

DNA ( ) were compared for nuclease degradation. Samples were incubated with 0.0717 

units of DNAse I for 10 minutes before the reaction was stopped using Tris-EDTA buffer. 

After introduction of a base to shift to pH 9 and 48 hours of incubation, the fluorescence 

of EtBr was checked to ascertain the remaining concentration of functional DNA. Values 

calculated as a percentage of the remaining EtBr fluorescence following nuclease 

degradation, in relation to the total EtBr fluorescence shown prior to DNAse introduction. 

EtBr suspended in water was used as a baseline. Data is representative of n=3.  

 

5.4.2 Particle Stability in Albumin 

The effects of suspending particles in albumin were determined through dynamic 

light scattering analysis (Figure 5.7). The diameter of particles suspended in buffer were 

compared to those in albumin to assess particle aggregation and stability. There was no 

statistical significance found in particle diameter between the buffer suspended and 

albumin suspended particles. This indicates that particles do not aggregate in the presence 

of albumin, nor bind many proteins to the surface. Thus, we hypothesize that these particles 
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would remain stable within the bloodstream. This is a key functionality of the delivery 

system which would allow it to be viable in a clinical setting.  

 

 
Figure 5.7. Hollow core particle diameter when suspended in buffer versus albumin. 

HCPPs-DNA-Daun were suspended in either Tris-EDTA pH 8.0 ( ) or 10 mg/mL of 

bovine serum albumin ( ). Samples were tested for diameter through DLS measurement 1 

hour after suspension at 37°C. Significance was determined through One-way Anova 

testing. Data is representative of n=3.  
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Chapter 6  

Conclusions and Future Work 

6.1 Conclusions 

Cancer treatments are highly limited in their ability to extend the release of 

payloads and protect those payloads from the surrounding environment. Nanoparticles 

have been used in recent years to combat the disadvantages of modern cancer treatment. 

Further augmentation of the nanoparticles can be conducted through the addition of 

polymers, which enhance the nanoparticle physical and chemical properties for drug 

delivery purposes. Nucleic acids have been employed recently as efficient drug carriers 

due to their ability to intercalate chemotherapeutic drug daunorubicin. Hollow core 

nanoparticles were further used to increase the drug payload and protect nucleic acids from 

degradation. However, these methods have not been used together for chemotherapeutic 

drug delivery. In this work, we synthesized novel polyethyleneimine-based hollow 

nanoparticles from a gold nanoparticle template that can bind both DNA and daunorubicin 

for chemotherapy. By utilizing well-studied modern techniques, this research was 

successful in synthesizing and characterizing a novel drug delivery platform.  

The physical and chemical characteristics of the particles were well understood. 

Hollow core polyethyleneimine nanoparticles with electrostatically bound DNA loaded 

with daunorubicin were found to have a total diameter of 105.7 ± 17.3 nm. This was near 

the desired target of 100 nm, which allows the particles to enter the tumor 

microenvironment while avoiding the inherent cytotoxicity of particles below 20 nm. 

Particle zeta potential was +20.4 ± 3.5 mV, which exceeded the target of +20 mV. The 
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high zeta potential allows the particle to travel towards the negatively charged cell 

membrane and limit the amount of aggregation in the particle sample. Particles were 

determined to have a spherical morphology due to the singular peak detected through DLS 

measurements. The removal of the gold core was verified by absorbance measurements, 

which did not display an absorbance at the associated 520 nm peak typical of gold 

nanoparticles. The particle's composition was further determined through FTIR analysis, 

which identified a 4:1 ratio of primary to tertiary amines in the particle's PEI.  

The capability of the HCPP as a nucleic acid and drug delivery platform were 

thoroughly investigated. The particle could bind a high density of nucleic acids to the 

surface, greater than 80 strands per particle. This was lower than the amount bound to a 

gold nanoparticle surface, indicating an architectural difference in the surface binding of 

nucleic acids, though a sufficiently high amount of DNA was still bound to the PEI particle 

surface for high dosage drug delivery. We thus hypothesize that the DNA binds in a toroidal 

formation, electrostatically binding the backbone to the surface of the HCPPs. Increasing 

the particle solution's ionic concentration increased the intercalation of drug to the nucleic 

acid. A 4-fold increase in ionic concentration corresponded with a 64% increase in drug 

intercalation. Inversely, increasing the charge ratio of PEI amines to the nucleic acid 

phosphate backbones showed a resultant decrease in the ability to bind drug. A 10-fold 

increase in the amine: phosphate ratio saw a corresponding 61% decrease in drug 

intercalation. Furthermore, it was shown that by intercalating daunorubicin to the DNA 

prior to addition to the nanoparticle, DNA was able to load 32% more drug than if the DNA 

and daunorubicin are added to the particle in tandem. 
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The release of drug from the platform was well characterized. HCPPs were found 

to load a total of 225 ± 44.6mg more drug per cm3, which is significantly higher than the 

standard 5 mg/mL used in clinical settings.167 The platform was shown to deliver a higher 

amount of drug than the solid core formulation, releasing 225 ± 44.6mg more drug per cm3 

of nanoparticles. We hypothesize that this difference in loaded volume is due to the hollow 

structure which allows for increased loading to the interior. The interior space available for 

loading was determined to be that of the actual difference in volume noted between the 

hollow core and solid core formulation. Additionally, the hollow core particle was shown 

to release an order of magnitude longer than the 1-hour release shown by solid core particle. 

The platform extends the release of chemotherapeutics, which can decrease the side effects 

on patients and increase the overall patient quality of life. 

Finally, the stability of the particles when exposed to different proteins was 

assessed. HCPPs were found to limit the degradation of the DNA backbone by nuclease. 

HCPPs retained the functionality of the DNA backbone 60% more than DNA in solution 

and 23% more than AuNPs. Furthermore, HCPPs remained stable in the presence of 

albumin, no aggregation of the particles or surface proteins were observed. This platform 

is shown to be viable in the presence of several proteins that would be found in in vivo 

conditions. Overall, the HCPPs were shown to be an efficient drug carrier that can 

successfully protect its payload from surrounding proteins. This drug delivery vessel has 

potential to increase the effectiveness of chemotherapeutic treatment and be used as a 

precedent for developing novel nanomaterials.  
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6.2 Future Work 

Monitoring the interactions between the HCPPs-Daun-DNA particles and living 

cells is important for progress towards clinical use of these vehicles for drug delivery. In 

vitro cell studies would be a critical first step in determining how effective this platform 

would be in a clinical setting. Future work should include studies focusing on the ability 

of the nanoparticle platform to cross the membrane of tumor cells in a specific cell line. 

Analyzing the drug's ability to leave the associated endosome would be key in determining 

the nanostructure's efficiency as a drug delivery vessel. Furthermore, the addition of a 

targeting ligand would increase the efficiency of nanoparticle delivery to the desired tumor 

site, thus improving therapeutic outcomes. Creating a facile synthesis process for a 

clinically used ligand would be a vital next phase in designing an effective drug carrier. 

The investigation into the cell transport and endosomal escape between the HCPPs-Daun-

DNA within carcinogenic tissue would supply a clear indication of the need for our 

synthesized system. 
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Appendix A 

Supplemental Data 

 

 
Figure A1. FTIR detection of HCPPs with DNA condensed to the surface. 75 mg of copper 

is used per 1 mL of HCPPs. The aggregates of 32 individual runs are aggregated, and a 

background measurement is collected before data collection. Data points indicate the 

wavelength at which the peak occurs. 
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Figure A2. FTIR detection of HCPPs with daunorubicin loaded DNA condensed to the 

surface. 75 mg of copper is used per 1 mL of HCPPs. The aggregates of 32 individual runs 

are aggregated, and a background measurement is collected before data collection. Data 

points indicate the wavelength at which the peak occurs. 
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Figure A3. Mass changes in pre-loaded and simultaneously drug loaded DNA to HCPPs. 

One-way Anova testing is used to determine significance. Pre-Loaded DNA ( ) is given 

one hour to allow for enough intercalation of daunorubicin to the nucleotides before mixing 

with HCPPs for one hour. Simultaneously loaded DNA ( ) is introduced to a solution 

containing both DNA and the HCPPs, then given two hours of mixing time. 
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Figure A4. Hypothetical mass of daunorubicin loaded to hollow core vs. actual mass 

loaded. The hypothetical mass of daunorubicin able to load to the particle interior ( ) was 

compared to the actual mass found to load to the particle interior ( ). The total volume of 

the nanoparticle and the hollow core was calculated to determine the total volume of 

available space for loading. The density of daunorubicin was further used to determine the 

hypothetical amount of mass capable of loading to the particle interior. This was compared 

to the difference in mass found experimentally between the hollow core particle and the 

solid core formulation. Significance was determined through One-way Anova testing. 
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